Hemodynamic stabilization of combat casualties with hemorrhagic shock often requires fluid resuscitation. However, rapid acting vasopressors are being used with increasing frequency to help maintain adequate perfusion of the brain and other vital organs, especially when hemodynamic stability is not maintained despite infusion of fluids. In this paper, a computerized decision support and fully autonomous closed-loop system to regulate the target blood pressure and to maintain hemodynamic stability is proposed.
INTRODUCTION
The fast-acting vasopressor phenylephrine (PHP) is often administered to increase blood pressure in hospitalized hypotensive patients [1] [2] [3] [4] [5] . Indications for use are rescue and prevention of immediate hypotension in patients with brain trauma, replacement of sympathetic arterial and venous tone after spinal lesion and hemodynamic improvement in patients that become refractory to fluids as occur in poly-trauma and burns. To improve patient care, automated closed-loop drug delivery can be beneficial to maintain blood pressure near a desired target because of disturbances that perturb pressure, the changing condition of the patient and the wide range of response characteristics among patients [6] . Clinical experiences show that automatic control can be faster, safer and more reliable than manual methods, and offers a reduction in clinician workload [6] . With an automatic controller, pressure can be frequently maintained within a narrower range of the desired value, and personnel are relieved of time-consuming control tasks, thus allowing them to tend to other important carerelated duties [7] . In the past three decades, many automatic control systems for blood pressure regulation by infusing a vasodilating drug have appeared in the literature. Sodium nitroprusside (SNP) is the most commonly used drug [7] . A large variety of control strategies including proportional integral derivative (PID) control, optimal control, robust control, adaptive control, and neural network control have been developed [8] [9] [10] . Validation methods vary from computer simulations to laboratory animal and/or clinical testing. However, these techniques have not been applied to the administration of vasopressors for maintaining blood pressure in hypotensive patients. Previously [3] [4] , regulating blood pressure has been performed using a syringe or infusion pump with titration by manual rate adjustments. This method is effective for maintaining hemodynamic stability and preventing adverse effects of hypotension on patients, but it is labor intensive and is often the cause of poor performance. A simple computer controlled on-off algorithm was proposed in [11] to maintain maternal blood pressure during spinal anaesthesia for cesarian section by infusing PHP. The results were similar to those achieved during manual control, but this method has the advantage of being much less demanding of time and attention from the anesthesiologist. Recently, the authors in [12] have developed a closed-feedback computer controlled infusion using a proportional algorithm to maintain systolic arterial pressure during spinal anaesthesia for cesarian section. They conclude that computer controlled PHP infusion provided slightly better arterial pressure control compared with the manual control. In this paper, mathematical model and computer simulation of the essential aspects of the system related to mean arterial pressure (MAP) and its response to PHP infusion are developed. An anti-windup proportional integral (PI) controller is then designed to automatically correct hypotension in swine by infusing PHP. The controller is evaluated and tested in simulations as well as in 15 anesthetized swine experiments at the Resuscitation Research Laboratory of UTMB, Galveston. Simulations of the anti-windup PI controller, together with swine experiments, show satisfactory control performance. However, simulations and clinical experiences indicate that system performance needs significant improvement for certain groups of swine, particularly those who are either very sensitive or insensitive to the vasopressor. Therefore, a second controller, adaptive internal model controller (IMC), is designed and compared in simulation with the previous controller. The IMC controller provides more robust performance over the wide range of swine responses. The rest of the paper is organized as follows. Section 2 deals with the system modeling approach and describes the controller design methodology. Section 3 evaluates and compares the two controllers using computer simulations and discusses the animal experiments conducted in the laboratory. Concluding remarks are presented in section 4.
MATERIALS AND METHODS

MODELING
In order to design an appropriate blood pressure control system, the dynamic MAP response subject to PHP injection needs to be investigated. A total of 10 anesthetized swine is involved in the evaluation. PHP is infused as step inputs and MAP is obtained by low-pass filtering the measured arterial pressure signal. It has been observed that most swine have physiological sub-systems that are relatively stable. Then, the system can be considered stationary over short periods of time (5 to 20 minutes). The process is reasonably linear near an operating point (PHP infusion rate, MAP level) [7] . Therefore, a transfer function describing the MAP change ( P  ) to PHP infusion rate ( I ) is applied. This function is given as a simplified first-order model with time delay: `
where the gain K (in mmHg/ml/hr) represents the swine's sensitivity to PHP. The first-order lag  (in seconds) results from the uptake, distribution, and biotransformation of the vasopressor. The pure time delay T (in seconds) represents an initial activation time [7] . The model parameters are identified by increasing and decreasing the infusion rate and measuring the corresponding changes in MAP (Figure 2a ). The transport delay T is initially estimated by inspecting the MAP response. The original infusion rate signal is shifted forward in time by T so that it is aligned in time with the P  signal. A recursive least squares method [13] is then applied to calculate the swine's sensitivity K and the first-order lag  . Results indicate the parameters vary among individual swine as well as within the same individual. Table 1 T 30 20 50 System identification results show also that the swine's sensitivity can be approximated by an exponentially decreasing function of the PHP infusion rate. For high infusion rate an increase in infusion rate causes a smaller change in MAP than it does for the same change at a lower infusion rate until it finally completely disappears for high infusion rates. Therefore, the MAP response to a change in PHP infusion rate is highly nonlinear. 
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simulation, the controllers try to track the MAP set-points (70 and 80 mmHg) without disturbances. From minute 65 to the end of the simulation, SNP disturbances are added to the system. The disturbances are modeled as steps that pass through a first-order filter [16] . In this case the controllers try to reject the disturbances and keep MAP at its baseline value (60 mmHg). The subject parameters are listed in Table 3 . Subject 1 has low sensitivity to PHP and subject 2 has high sensitivity to PHP. Figure 7 . Closed-loop system response for subject 1 Figure 8 . Closed-loop system responses for subject 2 Figure 9 . Closed-loop system response for subject 1
Simulations show that the closed-loop systems with both controllers are stable and meet the general performance requirements (settling time less than 10 minutes, overshoot less than 20%, and no steady-state offset) for the majority of the subjects even under the influence of disturbance (e.g. Figure 7 ). Comparison of the simulation results with the two controllers shows that the adaptive IMC controller has the advantage of producing a faster and smoother response. Hence, the adaptive IMC appears to be more robust than the anti-windup PI. This can be seen for example in Figure 8 where the anti-windup PI controller response of subject 2 is oscillatory whereas the adaptive IMC controller response is fast and smooth. However, simulations also point out that it is not always possible to meet the general requirements. This can be seen in Figure 9 , where the closed-loop response of subject 1 is simulated under a different scenario. In this case the MAP baseline is too low (40 mmHg). This can be the effect of hemorrhage or spinal cord injury. PHP dose reaches its upper limit (1000 ml/hr) and both controllers fail to reject SNP disturbance and to drive the blood pressure to the high set-points (90 and 100 mmHg). This is because the maximum response is reached and increasing PHP infusion rate is not affecting the blood pressure anymore. It can be concluded that control of blood pressure using PHP therapy could be ineffective and an alternative treatment approach such as fluid therapy is needed. the anti-windup PI control algorithm to control blood pressure with PHP in two swine. In swine 1, no disturbance is introduced in the study. The controller is able to track the MAP set-point and produces a smooth response with no overshoot and an acceptable settling time of 10 minutes ( Figure 10 ). In swine 2, the blood pressure is disturbed by continuous infusion of SNP. The controller is able to quickly reject the disturbance and to maintain MAP at the desired target (Figure 11 ). The patient's internal neurohumoral control system can cause nonlinear transients in arterial pressure, such as random fluctuations, oscillations and complex waveforms. Large fluctuations may cause excessive variation in the PHP infusion rate. Thus, the design of a controller with improved response to disturbances is necessary [7] . In addition, as shown in the previous section regulating blood pressure using only PHP can be ineffective in some scenarios and a new approach is needed. This can be seen in Figure 12 where the MAP baseline of swine 3 is too low (around 45 mmHg) due to a spinal cord injury and SNP is continuously given during the study. The anti-windup PI controller fails to maintain the blood pressure at the set-point and the PHP infusion rate reaches its upper limit.
CLINICAL EVALUATIONS
CONCLUSION
Clinical experiences demonstrate that automatic control of blood pressure with PHP is effective, and may contribute to better correction of hypotension while optimizing the amount of the vasopressor and eliminating human errors. Controller designs are based on characterization of the swine PHP response using system identification techniques. Clinically acceptable performance is achieved using a simple anti-windup PI controller. This controller produces a closed-loop system with improved performance compared to manual control. An adaptive IMC controller is also evaluated in simulations and shows to significantly improve the stability and performance of the closed-loop system. Figure 11 . Closed-loop system response for swine 2 Figure 12 . Closed-loop system response for swine 3
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